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Abstract The fossil fuel resources which power the chemical
and energy industries are shrinking or becoming increasingly
expensive. Moreover, their excavation and consumption have
a negative impact on the environment, including global
warming. For these reasons, new, cleaner, resources are being
sought to replace them, such as lignocellulosic biomass. The
aim of this study was to determine the environmental impact
of the production of seven new cultivars of willow grown in a
commercial plantation for use in an integrated biorefinery. The
characteristics of the production and transport of 1 tonne of
dry willow chips for the minimum (cultivar UWM 155), max-
imum (cultivar UWM 006) and average yield have shown that
the cultivar with the lowest yield has the highest impact on the
environment for all the selected categories of impact (CML 2
baseline 2000 method). For the average yield across all the
cultivars, at a transportation distance of 25 km, this study
found a high environmental impact of mineral NPK
fertilisation, biomass harvest and road transport. The stage
of normalisation for the average yield showed that freshwater
toxicity had the greatest impact on the environment of all the
categories under study. The effect of the other categories was
22–76 % lower for abiotic depletion and global warming,
respectively. GHG emission amounted to 36 kg CO2 eq. per
1 Mg of dry willow chips transported for 25 km, and it in-
creased with an increase in the transport distance by 24 and
71 % for 50 and 100 km, respectively. The lowest GHG emis-
sion per 1 Mg of dry chips was achieved for the production of
the high-yielding biomass cultivars UWM 006 and UWM
043. Their chips could be transported for longer distances,
i.e. 50 and 100 km, because their impact on global warming
was much lower than the low-yielding cultivars UWM 155,
Tur and UWM 035.
Keywords Willow biomass production . Life cycle
assessment . New cultivars . Integrated biorefinery .
Environmental impact
Introduction
Europe, as well as the whole world, is facing the problem of
shrinking resources of fossil fuels. The peak of oil production
will probably peak at 2030 [1]. The global oil production
output in the period 2002–2013 increased by 11 %. New re-
serves of oil may be discovered all over the world, but it is
usually more expensive to excavate than in the twentieth cen-
tury due to an increasing share of production of oil from un-
conventional sources, such as tar sands. The peak of coal
production will probably be achieved in 2025 as its resources
are being used up more quickly than all other energy sources.
Its consumption has increased by over 4 % annually during
the past decade [2, 3].
The production and consumption of fossil fuels entail seri-
ous environmental problems: emissions of GHG and, in con-
sequence, aggravation of the greenhouse effect. The atmo-
spheric concentrations of greenhouse gases: carbon dioxide
(CO2), methane (CH4) and nitrous oxide (N2O) have all in-
creased since 1750 due to human activity [4]. In 2011, the
concentrations of those gases exceeded pre-industrial levels
by about 40, 150 and 20 % respectively. These changes will
have serious environmental effects [4, 5].
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For these reasons, new, cleaner resources are being sought
to replace fossil fuels and fossil-based products. Efforts have
been stepped up over the past 10 years to replace those mate-
rials with renewable and cleaner sources [6–8]. Examples in-
clude integrated multi-product biorefineries, e.g. the
EuroBioRef concept. This assumes highly integrated and di-
versified production, including multiple feedstocks (including
lignocellulosic biomass), multiple processes (chemical, bio-
chemical, thermochemical) and multiple products (aviation
fuels and chemicals). A flexible approach will widen
biorefinery implementation to the full geographical range of
Europe. Products obtained in biorefineries can successfully
replace those obtained from fossil fuels, thereby decreasing
the demand for them. On average, the EU member states de-
pend 53.8 % on fossil fuel supplies from third countries in
2011. The advantages of integrated biorefineries include the
production of fuels in local plants located in EU Member
States, which would make them less dependent on fossil fuels
by obtaining feedstock from local biomass resources [9, 10].
However, the obtained bioproducts should meet the condi-
tion of being renewable and produced in a sustainable manner.
According toDirective 2009/28/EC, the emission of GHG from
biofuel production should be decreased by at least 35 % and by
over 60% after 1 January 2018. This directive also requires that
biofuels should be produced in a manner which protects areas
with high natural value, forests and marshes [11].
Lignocellulosic biomass has great potential for use in all
conversion paths (thermochemical, chemical, biochemical) in
an integrated biorefinery. It can also be obtained from forests,
agricultural resources, as well as from waste. Lignocellulose
can be used as feedstock in the production of over 30 inter-
mediates for different products used in such branches as trans-
port, production of textiles, food, packaging, cosmetics, con-
struction materials and in leisure [7, 12]. Dedicated energy
crops can be used as feedstock in biomass processing plants:
herbaceous crops (Miscanthus spp.), short rotation woody
coppices (willow and poplar species, black locust) and agri-
cultural waste (straw, bean stalks, tree prunings) [13–17].
These species should be grown on agricultural land of lower
quality, with low usability for edible crop production. This
reduces the competition between edible and non-edible crops
and has a smaller effect on direct and indirect land use change.
Short-rotation willow coppice can provide large amounts
of biomass for biorefineries. Dry matter yield from commer-
cial plantations ranges from 5 to 12 Mg ha−1 year−1 and can
reach 30Mg ha−1 year−1 on experimental field trials with good
quality soils [18–22].
Asmentioned, the idea behind the biorefinery concept is that
energy should be produced in a sustainable manner. Therefore,
obtaining biomass, which starts a logistical product chain,
should have a small effect on the environment as possible. Life
cycle assessment is a standardised method to examine or com-
pare the effect of plants produced for industry or as an energy
source (or any other product). According to the ISO 14040
standard, life cycle assessment is a compilation and evaluation
of the inputs, outputs and the potential environmental impact of
a product system throughout its life cycle [23]. LCA has its
origin in studies conducted (by different companies, e.g. Co-
ca-Cola) on energy effectiveness in the 1960s. However, it did
not catch on until the 1990s, when its widely accepted meth-
odology was developed, including the ISO 14040–14044 stan-
dards [24]. The method was developed in the industrial sector,
where the environmental impact was determined on the basis of
streams of consumption of energy, raw materials and measure-
ments of emissions from processes used in a specific technol-
ogy. Currently, a number of studies are being conducted on the
use of the method in many sectors of the economy. During the
past 10 years, LCA has been used to determine the environ-
mental impact of the agricultural sector in the production of
meat, wool, dairy cow breeding, milk production, the produc-
tion of fruit and vegetables in greenhouses and in field and
growing energy crops, such as poplar, miscanthus and willow.
The possibility of determining GHG emission levels is one of
the major advantages of LCA in examination of the environ-
mental impact of perennial energy crops [25–32]. Moreover,
owing to LCA, it is possible to determine the entire environ-
mental impact of the means of production, machines, equip-
ment and energy during the process of willow production.
Since lignocellulose can be an alternative feedstock for produc-
tion of energy, biofuels and bioproducts, it is important to de-
termine its environmental impact, to see if it meets the condi-
tions set out for renewable biomass materials. For example, in
the USA, LCA is a tool which is required by theUS Energy and
Investment and Security Act to determine the GHG reduction
for advanced renewable fuels [33].
Therefore, the aim of this study was to determine the envi-
ronmental impact of production of seven new cultivars of
willow grown on a commercial plantation, set up on soil with
low usability for the production of edible crops, for an inte-
grated multi-product biorefinery. It was assumed in the exper-
iment that the production technology would be analysed from
the cradle to the gate of a biorefinery. Moreover, three differ-
ent distances of biomass transport from the plantation to the
biorefinery were analysed in the study.
Materials and Methods
In order to determine the environmental impact of the biomass
production of seven willow cultivars for a biorefinery in a 3-
year harvest cycle, the study methodology was based on the
following standards: PN-EN ISO 14040 BEnvironmental
management–Life cycle assessment–Principles and frame-
work^ [23] and PN-EN ISO 14044 BEnvironmental manage-
ment–Life cycle assessment–Requirements and guidelines^
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[34]. The data accumulated in the experiment were subjected
to LCA using SimaPro 7.3.2 software (Pré Consultants bv).
Description and Location of the Willow Plantation
A 10.5-ha commercial willow plantation was established in
April 2010 at the Educational Research Station in Łężany
owned by the University of Warmia and Mazury in Olsztyn
(UWM). It is located in north-eastern Poland near the village
of Samławki (53° 59′ N, 21° 05′ E). Three varieties of willow,
protected by rights and registered at the Polish Research Cen-
tre for Cultivar Testing, as well as four new unregistered
clones, were planted on the plantation. All of them were de-
veloped by the Department of Plant Breeding and Seed Pro-
duction of the University of Warmia and Mazury in Olsztyn:
the Salix viminalis varieties: Start, Tur and Turbo, and the
clones: UWM 006 S. viminalis, UWM 043 S. viminalis,
UWM 035 Salix pentandra and UWM 155 Salix dasyclados
(further in this paper referred to as cultivars).
The planting density was 18,000 plants ha−1. The plant
harvest was planned for 3-year cycles, which is optimal for
willow cultivation on large plantations considering plant pro-
ductivity and machine availability for a single stage biomass
harvest technology.
The forecrop for the willow plants was triticale. Soil of low
quality and usefulness for typical annual crops were selected
for the willow plantation. The relatively poor soil site allowed
the willow yield potential to be evaluated in areas of little use
for food or feed crops. The study area is situated in a specific
region, over a young glacial area with a varied terrain relief.
The surface is undulating. Although the average willow field
height differences amount to about 1.5 m and they reach up to
3.5 m, the area is reasonably flat with no large hills or valleys.
The conducted soil analyses showed that the willow plantation
was located mainly on soil created from slightly loamy sand
and light loamy sand.
Generally, the land in elevated areas causes the soil to be
permanently too dry (in periods with no precipitation) due to
rapid drainage, and the groundwater level is far below 150 cm.
LCA Methodology
Goal, Scope and Functional Unit
The aim of the study was to conduct a life cycle assessment of
seven willow cultivars in a 3-year harvest cycle and their envi-
ronmental impact, particularly GHG emissions depending on the
transport distance adopted. Another goal was to identify the links
(processes) with the most negative impact on the environment.
The environmental impact of a specific amount of biomass
supplied to an integrated multi-product biorefinery was
analysed. One milligram of dry willow chips was determined
as the main functional unit in the system under study. This unit
is useful in the analysis of willow biomass utilisation in varied
conversion technologies to obtain different products in an in-
tegrated biorefinery.
Due to the wide-ranging nature of the study, the data on
emissions per one hectare of the plantation are provided in Ap-
pendix Table 6 and allow calculations for each functional unit.
System Description
The willow production process until the biorefinery gate was
adopted as the system boundary (Fig. 1). The preparation activ-
ities performed on thewillow cultivation fields included spraying
with Roundup360 SL (1.44 kg ha−1 of gliphosate), disking, win-
ter ploughing, fertilisation with 300 kg ha−1 of PRP Sol (a calci-
um and magnesium fertilizer mixed with minerals specific to
PRP technology and agglomerated by a soluble plant-based
binder – lignosulphonate), harrowing, mechanical planting of
willow cuttings with a step planter, spraying with a soil herbicide
Guardian CompleteMix 664 SE (1.58 kg1 of acetochlor), me-
chanical weeding and spraying with a herbicide against mono-
cotyledon weeds Targa Super (0.13 kg ha−1 of quizalofop-P-
ethyl). Before the beginning of the second year of growth, min-
eral fertilisation was performed at: N: 90 kg ha−1 (as ammonium
nitrate), P2O5: 30 kg ha
−1 (as triple superphosphate) and K2O:
60 kg ha−1 (as potassium chloride). Then, fertilisation treatments
at the abovementioned doses were applied following each har-
vest of crops. Throughout the period of the use of the plantation,
a total of seven fertilisation treatments were applied.
After the third year of growth, willow crops were harvested
with a single stage harvester Claas Jaguar 830 with a header
dedicated for energy crops. Chips were collected from the har-
vester with three New Holland TM 130 tractors with T 169/2
trailers. Willow chips were transported to the farmstead, where
they were unloaded. They were then loaded (with a Manitou
Scopic MLT 735 telescopic loader) onto trucks and transported
to the conversion plant. The road transport was conducted with
80 m3 containers, which totalled 25 tonnes of fresh chips per
run. Three road transport distances were adopted: 25, 50 and
100 km. The same distance after biomass unloading was added.
Although it is assumed that biomass transport should not exceed
approx. 30 km, transporting it to a distance exceeding 200 km is
often cost-effective. Therefore, for practical reasons, longer
transport distances were also analysed. It was assumed that the
plantation would be operated for 21 years, and the plants would
be harvested in seven cycles every 3 years. The plantation was
liquidated (re-established) after 21 years of operation. The
SRWC willow plantation liquidation involved mechanical
desintegration of root stocks remaining over the plantation area
using a New Holland TM 175 HP tractor with a rototiller.
The amount harvested in the first year and in the other years
was assumed to be the same. Our multi-year studies have
shown that an increase in yield is achieved in the second and
third cycle of willow harvest. However, the yield may
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decrease in subsequent (4–7) harvest cycles due to the accu-
mulation of diseases, pests and plant mortality [35]. In conse-
quence, mean biomass yield in subsequent harvest cycles is
similar to the first harvest cycle. The average dry matter yield
in the first rotation was 21.8 Mg ha−1. The highest biomass
and energy yield was obtained from the cultivar UWM 006,
and the lowest yield was from UWM 155 (Table 1) [35].
The willow chips production data for the 3-year cycle was
basedmainly on the author’s studies, the EcoInvent 2.2 database
and additional estimation data and surveys. The technical and
operational parameters of agricultural machines were based on
our research and the data contained in the catalogue of agricul-
tural machines [36] and in materials published bymanufacturers
of tractors and machines. Detailed sources of the above data
were included in Tables 2 and 3. The study took into account
the environmental impact of emissions from the production pro-
cess of herbicides, mineral fertilisers, fuels (data from
EcoInvent) and emissions resulting from the application of ni-
trogen and phosphorus fertilisers (data from literature, described
in detail further in the method section). The system boundaries
also included the amount of carbon bound in the soil in the
process of growing SRWC willow (data from literature; the
methods are described further in the method section). The study
did not take into account the environmental impact of the pro-
duction of agricultural machines and equipment due to their low
impact on LCA. This assumption is based on the completed
LCA analyses which show that the impact of the production
of these machines on the analysis is negligible compared to their
exploitation. However, the production and use of road transport
vehicles were included in the analysis due to the effect of their
impact, not only on the services, but also on road construction
and renovation (emission based on EcoInvent).
Organic Carbon
The amount of carbon bound in the soil in the process of grow-
ing perennial energy crops is estimated at 0.33 to 2.27Mg CO2
eq. ha year−1, depending on the plant species, harvest cycle,
agrotechnical procedures, etc. [25, 37, 38]. The amount of se-



































Fig. 1 Boundaries of the study system
Table 1 Dry matter yield (Mg ha−1 d.m.) and yield energy value (GJ
ha−1) of willow cultivars obtained in a 3-year harvest cycle [35]




Start 20.3±2.5 c 344.6±44.6 c
Tur 11.0±0.9 e 191.6±15.3 e
Turbo 20.3±2.5 c 341.5±43.6 c
UWM 006 42.7±2.5 a 727.4±43.4 a
UWM 035 15.1±2.2 d 259.7±37.5 d
UWM 043 34.5±4.3 b 585.4±72.1 b
UWM 155 8.4±0.4 e 138.8±6.7 e
Mean 21.8±12.0 369.9±204.6
Mean±standard deviation; a, b, c… homogenous groups
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[38, 39]. Consequently, it was assumed that the amount of
sequestered carbon for different cultivars of short-rotation wil-
low would correspond to the values noted by Grogan and Mat-
thews [39], who found that carbon sequestration increases pro-
portionally to the willow biomass yield. Thus, the assumed
level of sequestration was from 0.37 Mg ha−1 year−1 CO2 eq.
for the lowest yield (8.4 Mg ha−1 d.m.) to 0.73 Mg CO2 eq. for
the highest yield (42.7Mg ha−1 d.m.). These figures are close to
those obtained in Poland [38].
Moreover, since carbon bound in plant litter (fallen leaves)
and roots are mineralised within a short time [40, 41], it was
assumed that the amount of organic carbon bound in soil dur-
ing the period of the operation of the plantation should be
decreased by the amount of organic carbon mineralised from
crops’ parts. It was adopted based on studies conducted in
Poland which found that 42 % of biomass from leaves and
roots is permanently bound in soil [41].
Emissions from the Utilisation of Nitrogen and Phosphorus
Fertilisers
Nitrous oxide emissions from the use of mineral fertilisers, ac-
cording to IPCC [42], may range from 0.25 to 2.25% of theN in
the fertiliser used. The default recommended value is 1.25 %.
However, according to some studies, emission of this gas may
be several times higher than the value recommended by IPCC
[43]. Therefore, in order to avoid underestimation of this factor
in the study, an upper limit of 2.25 % N2O kg N
−1 from the
mineral nitrogen fertiliser was adopted. Emission of ammonia to
the atmosphere from the nitrogen fertiliser was based on the
ECETOC report [44], in which the average emission was 2 %
NH3 kg N
−1. Emission of nitrates caused by the leaching of
nitrogen from mineral fertilisers was taken at 14 % NO3
− kg
N−1, and leaching of phosphates at 1 % PO4
2− kg P−1 [45].
Life Cycle Impact Assessment
The life cycle impact assessment of willow cultivation was
determined by the CML 2 baseline 2000 method, of which 6
categories of environmental impact were selected. Consider-
ing the volume of the manuscript, the authors present the
categories which, according to the authors, are important for
SRWC plant cultivation and have an effect on agricultural
areas. Similar assumption was made by other authors [24,
46, 47]. The results for the other categories were included in
Appendix Table 6. Selected categories are:
1. Abiotic depletion: This impact category indicator is relat-
ed to extraction of minerals and fossil fuels due to inputs
in the system (fuels production and use, mineral fertilizers
production, plant protection products production, etc.).
2. Acidification: This category includes substances with a
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organisms, ecosystems andmaterials (buildings). Agricul-
tural production contributes to acidification due to the use
of mineral fertilisers.
3. Eutrophication (also known as nutrification) includes all
effects due to excessive levels of macronutrients in the
environment caused by emissions of nutrients to air, water
and soil. Here, agricultural production has a strong impact
through the use of fertilisers being rich in nitrogen and
phosphorus as well as due to the runoff of these compo-
nents to waters and the eutrophication thereof.
4. Global warming (GWP 100) is related to the emission of
greenhouse gases and is expressed as global warming
potential for a 100-year time horizon (GWP100). This
indicator is, in this study, very important in view of the
determination as to whether or not willow chips may meet
the conditions set out for renewable biomass materials.
5. Freshwater aquatic ecotoxicity: This category indicator
refers to the impact on freshwater ecosystems, as a result
of the emission of toxic substances to air, water and soil.
The use of production resources, i.e. plant protection
products, fertilisers and fuels, may exert a direct impact
on both aquatic and terrestrial biota (this also concerns the
next point, ‘terrestrial ecotoxicity’).
6. Terrestrial ecotoxicity: This category refers to the impact
of toxic substances on terrestrial ecosystems as a result of
the emission of toxic substances [48].
After entering inputs and outputs to the SimaPro 7.3.2 pro-
gram (classification), calculations were made of the environ-
mental impact (characterisation). In order to compare the en-
vironmental impact of individual categories, normalisation
was applied.
The environmental impact scores of LCA are often present-
ed in units that are difficult to understand and compare. One
easier way to interpret such scores is to normalise them, i.e. by
dividing received scores by a reference scores. All impacts
from different categories such as climate change, eutrophica-
tion, acidification, etc. are compared, for example, to the an-
nual impact on an average citizen. Thus, normalisation gives
an idea of an impact’s magnitude.
Normalisation is regarded as optional for simplified LCA,
but mandatory for detailed LCA. For each baseline indicator,
normalisation scores are calculated for the reference situa-
tions. For this purpose, the normalisation result ‘world
1990’, based on emissions in 1990, was used. The normalised
result for a given impact category and region is obtained by
multiplying the characterisation factors by their respective
emissions. The sum of these products in every impact catego-
ry gives the normalisation factor (impact per 1 world citizen).
When interpreting the results of this study, it should be re-
membered that the impact categories are based on the indica-
tors rather than real measured emissions to the environment.
Real emissions could differ from the assumed indicators since
they depend on such factors as soil type, climate, temperature,
level of ground waters, terrain relief, type of cultivation, etc.
Thus, although these assessments can be beneficial, the results
also need to be interpreted with caution.
Results and Discussion
Characterisation and Normalisation
Comparative characteristics of the production and road trans-
port (distance of 25 km) of 1 tonne of dry willow chips for the
minimum (cultivar UWM 155), maximum (cultivar UWM
006) and average (of all the seven cultivars) yield have shown
that the cultivar with the lowest yield has the highest impact
on the environment (Table 4). Therefore, one may claim that
the contribution and level of environmental impact of different
stages of willow biomass production process changes with the
level of yield. The impact of production of 1 Mg d.m. of chips
of cultivar UWM 006 was 2 to 3 times lower than that of
cultivar UWM 155.
An analysis of the characterisation of the production of
1 tonne of dry chips for an average yield reveals a high con-
tribution of mineral fertilisation (Fig. 2). Nitrogen fertilisation
(ammonium nitrate) alone accounted for 29 % in the abiotic
depletion category and to 59 % for global warming. When we
include phosphorus fertilisers (triple superphosphate) and po-
tassium fertilisers (potassium chloride), the figures increased
to 38 and 74 %, respectively. A single stage harvest with a
combine harvester had a considerable contribution, although
not as high compared as mineral fertilisation. It was consider-
able for abiotic depletion (30 %), acidification (28 %) and
global warming (18 %). Moreover, road transport had a sig-
nificant contribution to abiotic depletion (15 %) and freshwa-
ter aquatic ecotoxicity (11 %). Figure 3 shows a positive effect
of organic carbon sequestration in soil under the willow plan-
tation on reducing global warming (by 67 %).
The level of emissions converted to 1 Mg d.m. of willow
chips transported to a biorefinery not only affected the level of
environmental emissions (Table 4), but also the percentage
contribution of different stages of production. Figure 3 shows
the results of the characterisation of the effect of different stages
of willow production in the production of cultivar UWM 155
(minimal yield) and Fig. 4 for cultivar UWM 006 (maximal
yield). The inputs for setting up and running the plantation per
1 Mg d.m. were comparable, both for the minimal and the
maximal yield. This did not include N and PK fertilisation,
whose contribution was much higher in the production of cul-
tivar UWM 155. The procedures accounted for 29 % in fresh-
water ecotoxicity and up to 85 % for eutrophication. On the
other hand, the figures for UWM 006 were 15 and 62 % re-
spectively. Moreover, a much higher input in willow chip pro-
duction processes was recorded for a cultivar which gives a
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higher yield, which was associated with much higher inputs in
single stage harvesting and biomass transport. For example, the
contribution to a single stage harvest, as well as field and road
transport, was up to three times higher for UWM 006 than for
UWM 155. A comparison of the effect of organic carbon se-
questration in soil on a reduction of GHG emission in the
global warming category showed that it was lower for the min-
imal yield (58 %) than for the maximal yield (73 %). A greater
reduction of GHG emissions for UWM 006 was attributed to a
higher dry matter yield on the plantation area.
Characterisation does not give a full answer to which cate-
gories of the CML 2 baseline 2000 have the greater negative
impact on the environment. Therefore, an additional LCIA pa-
rameter was used—normalisation (Fig. 5). Its result for the
average (transport distance 25 km) yield showed that freshwa-
ter toxicity had the greatest impact on the environment. The
effect for abiotic depletion was also high, but it was lower by
22%. It is noteworthy that the global warming category had the
lowest environmental impact due to high organic carbon se-
questration in soil on the willow plantation. Therefore, it can
be concluded that the production of willow chips does not have
as strong an impact on GHG emission as on other environmen-
tal factors associated with consumption of means of produc-
tion, i.e. mineral fertilisers, pesticides and fossil fuels.
When considering the above values in terms of the impacts
per capita in 1990, it can be concluded that they are very low
and range from 0.000000012 % of the climate change impact
to the highest value of 0.000000051 % for freshwater
ecotoxicity impact per capita in the year 1990. It can therefore
be stated that the effect of the willow cultivation system is
virtually insignificant per capita in the year 1990. Certainly,
if more recent methods for standardisation were employed,
e.g. the latest ILCD method based on the data for EU-27 from
2010, these results would be different. For example, since
1990, the emission of greenhouse gases has increased, while
the number of inhabitants in the EU has not changed signifi-
cantly. This could increase the impact per capita. One can also
assume that the impact of freshwater ecotoxicity per an aver-
age EU-27 citizen in 2010 will be less significant due to the
use of less production resources manufactured in an energy
Table 4 Emissions to the
environment in different impact
categories converted to 1Mg d.m.
at the minimal, maximal and
average yield
Impact category Unit Minimal yield Maximal yield Average yield
Abiotic depletion kg Sb eq. 0.744 0.313 0.412
Acidification kg SO2 eq. 1.189 0.407 0.588
Eutrophication kg PO4
3− eq. 0.607 0.162 0.266
Global warming (GWP100) kg CO2 eq 97.33 19.01 35.97
Fresh water aquatic ecotox. kg 1.4-DB eq. 14.92 4.50 6.92
Terrestrial ecotoxicity kg 1.4-DB eq. 0.487 0.139 0.220





Fresh water aquatic ecotox.
Terrestrial ecotoxicity
1 2 3 4 5 6 7 8 9 10
11 12 13 14 15 16 17 18 19
Fig. 2 Results of the
characterisation of different
production and transport stages
for the average yield of willow at
a distance of 25 km. 1 Chemical
weeding (1), 2 disking, 3 winter
ploughing, 4 fertilisation PRP, 5
harrowing, 6 cuttings preparation,
7 planting, 8 chemical weeding
(2), 9 mechanical weeding, 10
chemical weeding (3), 11
fertilisation N, 12 fertilisation PK,
13 chemical weeding (4), 14 C
sequestration, 15 harvest, 16 field
transport, 17 loading chips, 18
road transport, 19 plantation re-
establishment
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efficient manner, and being less toxic to the environment.
Obviously, these considerations require further research.
These results are consistent with the earlier findings of
these authors in willow production in 1- and 3-year har-
vest cycles, and they confirmed that production and use of
mineral fertilisers are responsible for the majority of emis-
sions in the impact categories under study. The
contribution of NPK fertilisation, in the global warming
category, was as high as 84 % in the 1-year and 70 % in
the 3-year harvest cycle [29]. Similarly, in a study by
Gasol et al. [49] on the poplar bioenergy system, the
greatest environmental impacts were associated with the
manufacturing and use of fertilisers, representing 51–
67 % in the following categories: global warming,
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Fig. 3 Characterisation of
different stages of production and
transport of the minimal yield of
willow (cultivar UWM 155) at a
distance of 25 km. Legend as in
Fig. 2
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Fig. 4 Characterisation of
different stages of production and
transport of the maximal yield of
willow (cultivar UWM 006) at a
distance of 25 km. Legend as in
Fig. 2
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freshwater aquatic ecotoxicity, marine aquatic ecotoxicity
and terrestrial ecotoxicity. González-García et al. [50]
found a high impact of willow nitrogen fertilisation in
the production of electricity. It accounted for 56 % in
the eutrophication category. Moreover, a high environ-
mental impact of acidification was reported [51]. The im-
pact of the process was nearly three times higher than that
of eutrophication. Short rotation woody crops, such as
willow, have a lower or similar environmental impact
compared to other perennial energy crops. Their impact
is even 2–3 times lower than annual crops, grown for food
or as feedstock in energy generation or for industry [25,
51–53]. However, optimisation of the production of wil-
low for biorefineries should be continued because, ac-
cording to González-García et al. [50], the production of
willow chips for bioethanol was the main source of im-
pact concerning abiotic depletion, eutrophication, ozone
layer depletion and cumulative energy demand.
Unfortunately, the system of subsidising of traditional
agriculture in the European Union encourages the use of
technologies oriented towards maximising yield per ha
and increasing farm areas, which results in higher
profits by farmers. Production becomes increasingly in-
tensified, resulting in higher environmental impact [54].
For example, only 30–50 % of the components of ni-
trogen fertilisers and 45 % of those of phosphorus ones
are used by a crop. The remaining nutrients are re-
moved to water, soil and air. Poland, where these stud-
ies of LCA in willow production were conducted, is
responsible for 30 % of direct emissions of nitrogen
and phosphorus to the Baltic Sea. One of the main
causes for the poor condition of the Baltic is agriculture
[55], which supplies about 40 % of the nitrogen load
and 50 % of the phosphorus load. Moreover, acidifica-
tion is also regarded as a process for limiting plant
production in Poland and having an impact on the en-
vironment [56]. Therefore, according to the authors, the
replacement of the annual plants cultivated for chemical
and energy purposes with SRWC plants may result in
lower emissions of nutrients and, thus, in lower envi-
ronment eutrophication and acidification.
Global Warming
The emission of GHG from production and transport of wil-
low chips, without carbon sequestration, amounted to
107.66 kg CO2 eq. Mg
−1 d.m. on average in road transport
for 25 km (Table 5). The lowest values of GHG emissions
were recorded for high-yielding cultivars, such as UWM
006 and UWM 043 (70.33 and 79.70 kg CO2 eq. Mg
−1
d.m.). A high level of GHG emission was determined for the
cultivars of Tur and UWM 155. Based on the above data, it
could be concluded that for higher yields of biomass obtained
with an properly selected willow cultivar, with the same in-
vestment into the establishment of a plantation and a larger
investment into biomass harvest (when compared with low-
yielding cultivars), the biomass transportation results in great-
er limitations of GHG emissions.









proporon of global exposure per capita in 
Fig. 5 Normalisation (World
1990) of different stages of
production and transport of the
average yield of willow at a
distance of 25 km
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An increase in the transport distance to 50 km result-
ed in an increase in GHG emission by an average of
8.57 kg CO2 eq. Mg
−1 d.m. and in transport for 100 km
by 25.7 kg CO2 eq. Mg
−1 d.m.
After organic carbon sequestration in soil under the
willow plantation was included in the calculations, the
average CO2 emission was much lower (35.97 kg Mg
−1
d.m.) (Table 5), which gives only 2.12 kg CO2 eq. per 1
GJ of energy in willow chips transported for 25 km
(Fig. 6). The adopted model of carbon sequestration from
willow biomass (litter and roots) assumed its increase
with increasing biomass yield [36]; in consequence, the
largest decrease in GHG emission was recorded for high-
yielding cultivars UWM 006 and UWM 043. It amounted
to 19.01 and 23.17 kg CO2 eq. Mg
−1 d.m. and 1.12 and
1.37 kg CO2 eq. per 1 GJ. The value of the index for the
other cultivars ranged from 36.29 (start) to 97.33 kg CO2
eq. Mg−1 d.m. (UWM 155), equivalent to 2.14 and
5.92 kg CO2 eq. GJ
−1. After the transport distance in-
creased to 50 km, GHG emissions increased on average
by 24 % (for the average yield) and ranged from 27.46 to
107.48 kg CO2 eq. Mg
−1 d.m. (1.61–6.48 kg CO2 eq.
GJ−1). When the transport distance increased to 100 km,
the average value of the index increased twofold com-
pared to the distance of 25 km. A larger increase in the
emission of CO2 equivalents was recorded for high-
yielding cultivars: over twofold for UWM 043 (yield
34.5 Mg ha−1 d.m) and UWM 006 (42.7 Mg ha−1 d.m.);
for the other cultivars, the increase ranged from 29 % for
UWM 155 (8.4 Mg ha−1 d.m.) to 71 % for Turbo
(20.3 Mg ha−1 d.m.). However, it must be pointed out that
GHG emission for UWM 043 and UWM 006 is still low
compared to emission for the lower-yielding cultivars
transported for 25 km (Table 5, Fig. 6).
It is very important to minimise the effect of planta-
tions on global warming, and this issue should be careful-
ly considered in biomass production for biorefineries or
for energy generation. These findings, as well as other
studies, have shown that the emission of GHG from the
production of SRWC is low. In previous studies by these
authors, GHG emission amounted to 5.9 kg CO2 eq. GJ
−1
from biomass production in a 1-year harvest cycle and
0.8 kg CO2 eq. GJ
−1 in 3-year harvest cycle [29]. Similar
results were obtained by Heller et al. [40], where
Table 5 Greenhouse gas
emissions of 1 Mg of dry willow
chips depending on the transport
distance






UWM 155 (minimal yield) 25 229.95 97.33
UWM 043 79.70 23.17
UWM 035 140.18 50.95





UWM 155 (minimal yield) 50 240.10 107.48
UWM 043 88.21 31.69
UWM 035 148.62 59.40





UWM 155 (minimal yield) 100 258.71 126.09
UWM 043 48.73 48.73
UWM 035 165.51 76.29
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emissions for a 3-year harvest cycle amounted to 0.68 kg
CO2 eq. GJ
−1. On the other hand, GHG emission from the
production of willow examined by Brandao et al. [25] was
similar (2.6 kg CO2 eq. GJ
−1). The latest American stud-
ies have shown that GHG emission can even be negative
(from −2.7 to −6.9 kg CO2 eq. GJ−1 [31], which is caused
by large carbon sequestration in soil and lower demand
for fuels than in this study. These differences in emission
usually depend on the adopted methodology. According to
the review of Djomo et al. [57] on LCA in production of
poplar and willow, GHG emission to farm gate in differ-
ent studies ranged from 0.6 to 10.6 kg CO2 eq. GJ
−1.
Emission in those studies was 1.12, 1.61 and 2.60 kg
CO2 eq. GJ
−1 in the production of willow chips and their
transport for 25, 50 and 100 km, respectively.
Since the aim of the paper was a life cycle assess-
ment of lignocellulose material used mainly for chemi-
cal purposes, the main functional unit was willow dry
matter (1 t d.m.). In this way, the LCA of willow pro-
duction and transportation could be compared with other
raw materials used in integrated biorefineries. Neverthe-
less, some of the raw material may be used for more
traditional purposes such as electricity or heat produc-
tion instead of fossil fuels, e.g. natural gas, heating oil
and hard coal.
Greenhouse gas emission from only burning of natural gas
(excluding its extraction, transport, etc.), which is regarded as
a clean fuel, is 23 times higher than that from willow growing
system analysed in this study. Compared to heating oil and
hard coal, willow cultivation is even more beneficial. GHG
emission from only burning these fuels is, respectively, 30 and
over 39 times higher than GHG emission from the entire wil-
low production system and from willow burning [58].
Using willow biomass for the production of bioenergy as a
substitute for energy produced from fossil fuels has a positive
GHG balance and reduces the greenhouse effect [59, 60]. A
study of Kimming et al. [61] shows that production of heat
and electricity for 150 household village in Sweden can re-
duce greenhouse gas emissions considerably compared to the
natural gas-based system. Two willow systems emitted from 6
to 8 times less GHGs than natural gas-based system. In re-
search of Styles and Jones [62], the biomass-based system
emitted even much less GHGs compared to the fossil-based
systems. Miscanthus and SRCW-based electricity production
systems emitted 0.131 and 0.132 kg CO2 eq. kWh−1 electric-
ity, respectively, compared with 1.150 and 0.990 kg CO2 eq.
kWh−1 electricity for peat- and coal-based systems.
Conclusions
In the present study, an analysis was made of the environ-
mental impact of the production and transport of SRWC
willow as alternative feedstock for the production of en-
ergy, biofuels and bioproducts using the LCA method.
Efforts can (and should be) made to reduce the contribu-
tion of the weak links of the life cycle, which have a
detrimental impact on the environment. This study has




























Fig. 6 Greenhouse gas emissions
(kg CO2 eq.) per 1 GJ of energy in
willow chips depending on the
transport distance
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revealed the high environmental impact of fertilisation,
harvesting and transport of biomass, and the impact of
the two latter factors is especially significant at high
yields. A high impact of eutrophication was also ob-
served, caused by the use of nitrogen and phosphorus
fertilisers. This should be minimised due to the fact that
Polish agriculture is largely responsible for pollution of
the Baltic Sea. Since the production of plants such as
SRWC willow does not require high levels of nitrogen
or phosphorus fertilisation, these negative environmental
effects of agriculture may also be limited.
A reduction in GHG emission could be achieved by
using organic fertilisers instead of nitrogen-mineral
fertilisers. Black et al. [63] found that this reduced the
GHG emission by nearly 30 % when converted to 1 Mg
d.m. of willow. Fuel consumption can be reduced, espe-
cially by more effective use of machines in harvest and
better organisation of field transport.
Road transport of biomass had a considerable impact
on environmental emissions, especially those of green-
house gases. Therefore, only chips obtained from high-
yielding cultivars, i.e. UWM 006 and UWM 043, could
be transported to longer distances of 50 and 100 km be-
cause their impact on global warming was much smaller
than the low-yielding cultivars UWM 155, Tur and UWM
035, even when biomass was transported for 100 km. On
the other hand, the justifiability of transport for such long
distances should be considered because GHG emission
increased significantly with increasing transport distance
for high-yielding cultivars.
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Appendix
Table 6 Characterisation of production of willow chips (per 1 ha) for different cultivars and transport distances


















Abiotic depletionkg Sb eq 43.60 81.73 52.42 93.48 61.65 45.82 60.62 62.76 47.47 96.36 58.77 111.43 70.62
Acidification kg SO2 eq 69.68 109.34 78.85 121.55 88.45 71.99 87.38 89.61 71.77 117.23 82.28 131.24 93.29
Eutrophication kg PO4
3− eq 35.58 45.32 37.83 48.33 40.19 36.15 39.93 40.48 36.13 47.41 38.74 50.88 41.47
Global warming (GWP100) kg CO2 eq 5752.18 5596.46 5396.15 5680.59 5312.17 5036.36 5156.96 5479.05 6297.35 7653.79 6290.61 8204.79 6573.26
Ozone layer depletion (ODP) kg CFC-11 eq 0.00129 0.00215 0.00149 0.00242 0.00170 0.00134 0.00167 0.00172 0.00137 0.00247 0.00163 0.00281 0.00190
Human toxicity kg 1.4-DB eq 4520.78 7932.04 5309.90 8983.41 6135.83 4719.99 6043.38 6235.33 4649.36 8417.24 5520.85 9578.72 6433.24
Fresh water aquatic ecotox. kg 1.4-DB eq 874.33 1233.21 957.26 1343.95 1044.24 895.25 1034.46 1054.67 922.02 1413.18 1035.51 1564.75 1154.55
Marine aquatic ecotoxicity kg 1.4-DB eq 2220669 3049688 2412292 3305400 2613151 2269023 2590592 2637276 2324000 3439627 2581827 3783830 2852174
Terrestrial ecotoxicity kg 1.4-DB eq 28.52 38.48 30.83 41.55 33.24 29.11 32.97 33.53 29.65 42.73 32.67 46.77 35.84
Photochemical oxidation kg C2H4 1.276 2.193 1.488 2.476 1.711 1.330 1.686 1.737 1.343 2.445 1.598 2.784 1.865
Impact category 50 km 100 km
Tur Start 50 Average UWM 155 UWM 043 UWM 035 UWM 006 Turbo Tur Start Average
Abiotic depletionkg Sb eq 50.32 69.29 72.04 55.22 125.61 71.49 147.32 88.54 59.33 86.63 90.59
Acidification kg SO2 eq 74.42 92.06 94.62 75.95 133.02 89.15 150.61 102.97 79.28 101.42 104.63
Eutrophication kg PO4
3− eq 36.79 41.16 41.80 37.24 51.58 40.55 56.00 44.02 38.07 43.63 44.44
Global warming (GWP100) kg CO2 eq 5669.65 6376.74 6784.06 7387.70 11768.44 8079.54 13253.20 9095.44 6936.23 8816.29 9394.07
Ozone layer depletion (ODP) kg CFC-11 eq 0.00144 0.00187 0.00193 0.00155 0.00312 0.00191 0.00361 0.00229 0.00164 0.00225 0.00234
Human toxicity kg 1.4-DB eq 4869.34 6331.05 6543.10 4906.50 9387.64 5942.75 10769.33 7028.08 5168.05 6906.39 7158.65
Fresh water aquatic ecotox. kg 1.4-DB eq 950.65 1141.16 1168.83 1017.39 1773.11 1191.99 2006.37 1375.18 1061.44 1354.56 1397.14
Marine aquatic ecotoxicity kg 1.4-DB eq 2389055 2821785 2884623 2530660 4219506 2920895 4740691 3330221 2629119 3284171 3379316
Terrestrial ecotoxicity kg 1.4-DB eq 30.41 35.49 36.22 31.91 51.24 36.37 57.21 41.06 33.03 40.53 41.62
Photochemical oxidation kg C2H4 1.407 1.835 1.897 1.476 2.947 1.816 3.401 2.173 1.562 2.133 2.215
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